BACKGROUND: Cyanide (CN) toxicity is a serious clinical problem and can occur with sodium nitroprusside (SNP) administration, accidental smoke inhalation, industrial mishaps, and bio-terrorism. In this study, we induced severe CN toxicity independently with SNP or sodium cyanide (NaCN) in a juvenile pig model to demonstrate reversal of severe CN toxicity with a new antidote, sulfanegen sodium, a prodrug of 3-mercaptopyruvate. METHODS: SNP study: A pilot study in 11 anesthetized, mechanically ventilated juvenile pigs allowed us to determine the dose of SNP to induce CN toxicity. Blood CN, serum lactates, and blood gases were monitored. CN toxicity was defined as the occurrence of severe lactic acidosis accompanied by significant elevation in blood CN levels. Based on this pilot study, 8 anesthetized pigs received a high-dose IV infusion of SNP (100 mg/h) for 2 hours to induce CN toxicity. They were then randomized to receive either sulfanegen sodium or placebo. Four pigs received 3 doses of sulfanegen sodium (2.5 g IV) every hour after induction of severe CN toxicity, and 4 pigs received placebo. NaCN study: A pilot study was conducted in 4 spontaneously ventilating pigs sedated with propofol plus ketamine to demonstrate hemodynamic and metabolic stability for several hours. After this, 6 pigs were similarly sedated and given NaCN in bolus aliquots to produce CN toxicity ultimately resulting in death. Hemodynamics and metabolic variables were followed to define peak CN toxicity. In another group of 6 pigs, severe CN toxicity was induced by this method, and at peak toxicity, the animals were given sulfanegen sodium (2.5 g IV) followed by a repeat dose 60 minutes later in surviving animals. RESULTS: SNP study: The pilot study demonstrated the occurrence of a significant increase in blood CN levels (P Ͻ 0.05) accompanied by severe lactic acidemia (P Ͻ 0.05) in all pigs receiving a high dose of SNP. Administration of the sulfanegen antidote resulted in progressive significant reduction in blood lactate and CN levels with 100% survival (P Ͻ 0.05), whereas the placebo-treated pigs deteriorated and did not survive (P Ͻ 0.05). NaCN study: NaCN injection resulted in CN toxicity accompanied by severe lactic acidosis and mortality in all the pigs. Sulfanegen sodium reversed this toxicity and prevented mortality in all the pigs treated with this antidote. CONCLUSIONS: CN toxicity can be successfully induced in a juvenile pig model with SNP or NaCN. The prodrug, sulfanegen sodium, is effective in reversing CN toxicity induced by SNP or NaCN. (Anesth Analg 2012;114:956 -61) 
C yanide (CN) inhibits the enzyme cytochrome c oxidase in the electron transport system of mitochondria and disrupts the aerobic production of adenosine triphosphate.
1,2 CN toxicity is well described and frequently occurs after smoke inhalation, industrial exposure, and dietary ingestion. 3 CN has also been used intentionally to induce toxicity in homicide, suicide, chemical warfare, and bio-terrorism. Clinically, CN toxicity has been reported after the use of sodium nitroprusside (SNP) in intensive care units and perioperatively for blood pressure (BP) control. 4 In this study, we present a juvenile porcine model of CN toxicity induced by the injection of SNP and by the direct injection of sodium cyanide (NaCN), and its reversal with a new antidote, sulfanegen sodium, a prodrug of 3-mercaptopyruvate (3-MP). 5 The enzyme 3-mercaptopyruvate sulfurtransferase (3-MST) is present in the soluble and mitochondrial cell compartments of most organs including the brain, heart, liver, and kidneys. 6 This enzyme uses the endogenous substrate 3-MP, available from the transamination of cysteine, to provide the needed sulfur to detoxify CN to thiocyanate (SCN). However, only limited amounts of cysteine, and therefore of 3-MP, are available in the heart and brain, thus limiting the ability of 3-MST to be effective in acute CN poisoning. Because 3-MP is rapidly metabolized and is ineffective when given IV, 7 the administration of a prodrug of 3-MP, namely, sulfanegen sodium, will allow sustainable availability of 3-MP for 3-MST. Accordingly, we evaluated the effect of sulfanegen sodium in reversing severe CN toxicity induced by continuous IV SNP and by bolus IV injections of NaCN in juvenile Yorkshire pigs.
The structure of the prodrug sulfanegen sodium is displayed in Figure 1 . This compound was prepared essentially as previously described. 5 Sulfanegen sodium is a dimer, which dissociates nonenzymatically in physiological systems at pH 7.4 to 2 equivalents of the monomer 3-MP. In vivo, 3-MP is rapidly metabolized by the enzyme 3-MST to release a reactive sulfane sulfur intermediate that captures a CN anion and converts it to SCN, a nontoxic product that is excreted in the urine. This prodrug has been shown to be highly effective in reversing CN toxicity in a sublethal murine and rabbit model. 
METHODS
The study was conducted in healthy juvenile Yorkshire pigs weighing 20 to 30 kg. The Institutional Animal Care and Use Committee approved all the experimental protocols, and all procedures were conducted in accordance with the guidelines set by the Association for Assessment and Accreditation of Laboratory Animal Care.
Pilot Studies
We conducted a pilot study in 11 pigs to demonstrate stability of our animal preparation and define the SNP dose and metabolic variable that would serve as a marker for fatal CN toxicity. All animals were sedated with Telazol a (10 mg/kg IM; Fort Dodge Animal Health, Fort Dodge, IA), endotracheally intubated, their lungs mechanically ventilated after vecuronium administration, and maintained under general anesthesia with isoflurane (fraction of inspired oxygen ϭ 0.7). Normothermia was ensured with a forced-air warming device. Using sterile techniques, a femoral artery catheter was placed percutaneously for continuous BP monitoring and for obtaining arterial blood samples. A multilumen pulmonary artery catheter was also aseptically placed percutaneously in the femoral or jugular vein for obtaining mixed venous blood and to continuously monitor central venous pressure (CVP) and pulmonary artery pressure (PAP). Electrocardiography, pulse oximeter saturation, end-tidal CO 2 , and inhaled anesthetic concentration were also monitored. After obtaining baseline hemodynamic and metabolic measurements (blood gases, lactates, and CN levels), the animals remained anesthetized for 4 hours. Three animals served as controls during which time they received only placebo (saline) infusion. Six animals received a continuous infusion of SNP (2 animals were given Ϸ2.5 mg/kg/h and the other 4 received Ϸ5 mg/kg/h) to induce and evaluate the severity of CN toxicity. During SNP infusion, BP was supported at values within 30% of baseline with the infusion of phenylephrine (Ϸ1-10 mg/h). Two other pigs served as phenylephrine controls and received only phenylephrine (Ϸ10 mg/h). The pilot studies demonstrated the occurrence of significant and marked elevation in blood CN levels in the high-dose SNP group (mean Ϯ SD peak CN levels achieved were 13.9 Ϯ 0.018 mg/L) and this was accompanied by concomitant significant elevations in serum lactate levels (mean Ϯ SD peak lactate levels achieved were 14.1 Ϯ 0.9 mg/dL) and mortality. The low-dose SNP group, as well as the phenylephrine and control groups survived the experimental procedures without significant lactic acidemia. They were euthanized 7 to 14 days later.
Effect of Sulfanegen Sodium on SNP Toxicity
After completion of the pilot studies, we evaluated the effect of sulfanegen sodium on reversing CN toxicity. We studied 8 juvenile pigs that were induced into CN toxicity by the infusion of a high dose of SNP (Ϸ5 mg/kg/h) as in the pilot studies. As in the pilot study, the systolic BPs were supported within 30% of the control values with phenylephrine infusion (1-10 mg/h). After 2 hours, the SNP infusion was stopped and the animals were administered either a placebo (4 animals) or the experimental prodrug sulfanegen sodium (4 animals). The dose of sulfanegen sodium extrapolated from a previous mouse study 5, 8 consisted of a 2.5-g IV bolus and was repeated hourly for a total of 3 doses in surviving pigs.
Effect of Sulfanegen Sodium on NaCN Toxicity
For this experiment, the pigs were prepared similarly as in the previous pigs with the following changes. After sedation with Telazol, the pigs were given atropine (0.4 mg IV) as an antisialagogue and sedated with a continuous infusion of propofol ϩ ketamine (to 10 mL of propofol, 1% was added 400 mg ketamine). This was titrated at 6 to 15 mL/h for continuous sedation with preservation of spontaneous breathing. Oxygen was delivered at 2 L/min via a nasal canula. Total IV anesthesia with spontaneous ventilation was used for this portion of the experiment to determine the effect of CN on ventilation and better mimic CN toxicity caused by smoke inhalation. We observed 4 pigs for 4 hours to demonstrate hemodynamic and metabolic stability.
Induction of CN Toxicity
We induced CN toxicity in 6 pigs by bolus IV administration of NaCN given in aliquots of 0.55 mg/kg. This was repeated at 15-minute intervals until the occurrence of apnea. At this time, respiratory assistance was provided by oral endotracheal intubation, Ambu-bag assistance, and the transient administration of 100% oxygen. NaCN was continued at the same frequency until the occurrence of significant hemodynamic instability (severe bradycardia, arrhythmias, and eventually cardiac arrest) and lactic acidemia leading to death. Blood chemistries, lactates, and CN levels were monitored every 15 minutes. For the next 6 pigs, we administered NaCN in a similar manner until severe CN toxicity was observed, as confirmed by severe lactic acidemia and the occurrence of apnea requiring airway assistance. Sulfanegen sodium (2.5 g) was then given as a bolus IV dose and repeated 60 minutes later in surviving pigs.
a Telazol is a combination of equal parts by weight of tiletamine (dissociative drug) and zolazepam (benzodiazepine), and is available in sterile vials containing 50 mg of each. Data are reported as mean Ϯ SD. Significance (P Ͻ 0.05) was determined by repeated analysis of variance followed by the Tukey test or Fisher exact test as appropriate. Table 1 summarizes the hemodynamics observed during high-dose SNP infusion, followed by the administration of Figure 2 . Note the significant changes (P Ͻ 0.05 at 2 hours versus control value at time 0) in blood cyanide (upper graph), serum lactate (middle graph) and arterial pH (lower graph) in all 8 pigs during sodium nitroprusside infusion (sulfanegen and placebo group). At the end of the 2-hour infusion, 4 pigs were treated with sulfanegen sodium (2.5 g IV) and the other 4 were given a similar volume of normal saline placebo. None of the placebo-treated pigs survived (placebo group). All the antidote-treated pigs survived with significant improvements (P Ͻ 0.05 at 5 hours versus control) in pH, cyanide, and lactate levels (sulfanegen group). The surviving pigs received 2 additional doses of sulfanegen sodium (2.5 g IV) at hours 3 and 4. Figure 3 . Changes in arterial and mixed venous oxygen (upper graph; arterial oxygen tension is depicted by the square symbol and mixed venous oxygen tension by the circles) and carbon dioxide tensions (lower graph; arterial carbon dioxide tension is depicted by the diamond symbol and mixed venous carbon dioxide tension by circles) during sodium nitroprusside (SNP) infusion in all 8 pigs (duration of SNP infusion and times for placebo and sulfanegen injection are similar to Fig. 1 ). The venous oxygen tension increased significantly as did the carbon dioxide tensions. There was also a significant decrease in arterial oxygen tension (P Ͻ 0.05 at 2 hours versus control value at time 0). After SNP infusion, 4 pigs given saline placebo showed a marked decrease in oxygen tensions associated with an increase in carbon dioxide levels just before death. The 4 pigs given sulfanegen sodium survived and showed recovery of arterial oxygen tension with normalization after 2 hours, as did the carbon dioxide levels (P Ͼ 0.05 at 5 hours versus control), pH, cyanide, and lactate levels. The surviving pigs received 2 additional doses of sulfanegen sodium (2.5 g IV) at hours 3 and 4. 
RESULTS

SNP Studies
All values are mean Ϯ SD. SNP ϭ sodium nitroprusside. *P Ͻ 0.05 versus baseline.
either placebo or sulfanegen sodium during peak CN toxicity. The mean BP decreased significantly accompanied by an increase in heart rate. The mean PAP increased significantly without a significant change in mean CVP, except for a transient significant increase observed after the first dose of sulfanegen sodium. In the surviving pigs, these values returned to baseline levels. In the pigs that received placebo, there was deterioration in vital signs leading to mortality. SNP administration resulted in lactic acidosis and significant cyanidemia accompanied by a significant reduction in arterial pH in all 8 pigs (Fig. 2) . The changes observed in Pao 2 , Pvo 2 , Paco 2 , and Pvco 2 are displayed in Figure 3 . Unlike placebo, administration of sulfanegen sodium resulted in survival (P ϭ 0.0286 placebo versus sulfanegen sodium) and recovery of these variables (Fig. 2) . All the surviving animals awakened successfully and were able to ambulate and feed within a few hours after tracheal extubation. No gross neurological deficits were evident.
NaCN Studies
The control pigs (n ϭ 4) were stable ( Table 2) . Table 3 summarizes the hemodynamic changes observed during NaCN infusion and the effect of sulfanegen sodium in the treated group. Administration of NaCN resulted in significant lactic acidosis and increases in blood CN levels (Figs. 4 and 5). At peak CN toxicity, the nontreated pigs deteriorated and died (Table 4 , Fig. 4 ). The to-be treated pigs were tachycardic and demonstrated significant increases in CVP and PAP before they were given the antidote (Table 3 ). The administration of sulfanegen sodium resulted in survival and reversal of lactic acidosis and blood CN levels (Fig. 5,   Tables 3 and 4) . All surviving animals awakened successfully, ambulated, and began feeding a few hours after tracheal extubation. No gross neurological deficits were evident.
DISCUSSION
Lactic acidosis has been reported as the mechanism of CN toxicity. 10 This is attributable to inactivation of cytochrome c oxidase that results in decreased use of pyruvate for adenosine triphosphate production. The excess pyruvate is metabolized to lactate in the cells. 6 During CN poisoning, CN is metabolized to the less-toxic SCN accomplished via transsulfuration. 6 This reaction requires the enzymes rhodanese and 3-MST. Both of these enzymes are widely distributed in tissues; rhodanese is compartmentalized in mitochondria whereas 3-MST, present in both cytoplasm and mitochondria, is more widely distributed than rhodanese. Whereas rhodanese is more abundant in liver and kidney, 3-MST is more universal Figure 4 . Changes in blood cyanide (depicted by the diamond symbols) and serum lactate levels (depicted by the square symbols) with the bolus injections of sodium cyanide, followed every 15 minutes until the occurrence of cardiac arrest (all values are mean Ϯ SD). All values are mean Ϯ SD. The results shown are those obtained at baseline and during peak cyanide toxicity. In the group that did not receive the antidote, all pigs died. The other group of pigs received the antidote sulfanegen sodium at peak cyanide toxicity. A second dose of sulfanegen sodium was administered after 60 minutes to surviving pigs in this group. *P Ͻ 0.05 versus baseline.
and facilitates sulfuration of CN initially in the cytoplasm and then in the mitochondria. 6 The currently available CN antidote, sodium thiosulfate, is a substrate for both rhodanese and 3-MST and functions by converting CN to the water-soluble and less-toxic SCN. However, kinetic limitations prevent its ability to reverse severe CN toxicity. 7 Sodium nitrite is usually administered with sodium thiosulfate during CN poisoning. Sodium nitrite oxidizes hemoglobin to methemoglobin. Methemoglobin has a high affinity for CN, forms cyanomethemoglobin freeing up cytochrome oxidase.
11 Sodium nitrite acts slowly, and during mass casualty emergencies may be contraindicated because of high carboxyhemoglobin levels caused by simultaneous carbon monoxide inhalation. 5 The newer agent hydroxycobalamin (MW 1355), although poorly water soluble is an effective and safe antidote, 12 requires a large dose (1 mole of antidote is needed per mole of CN [MW 27]), hence, may not be as effective in severe CN poisoning. 5, 13 Using both hydroxycobalamin and sodium thiosulfate was more effective for acute CN toxicity in a pig model. 14 In our juvenile pig model, we were able to induce severe CN toxicity by SNP and NaCN infusion as demonstrated by the occurrence of extreme lactic acidosis. The placebo-treated pigs did not survive, whereas sulfanegen sodium administration prevented mortality (Table 4) by reversing lactic acidosis and CN levels. The pigs awakened without detectable deficits. This is because the prodrug of 3-MP, viz., sulfanegen sodium, was used and made available the sulfur needed for the more universally available 3-MST in key organs (vide supra). Although 3-MP is a natural endogenous product of cysteine metabolism, it cannot be used as a drug because of its chemical instability. 15 
CONCLUSIONS
We have demonstrated the efficacy of a new prodrug, sulfanegen sodium, in reversing acute CN toxicity induced by the infusion of SNP or NaCN in a juvenile pig model. This compound holds considerable promise for the treatment of severe CN toxicity from direct exposure, smoke inhalation, or nitroprusside administration. Further studies are being conducted to evaluate the safety of sulfanegen sodium in other animal models, to be followed by its assessment in humans. . Note the significant increase (P Ͻ 0.05 peak versus control) in blood cyanide (depicted by the diamond symbols) and serum lactate (depicted by the square symbols) similar to those shown in Figure 4 , along with a reduction in arterial pH (depicted by the circles) in this group of pigs given sodium cyanide. At peak toxicity during severe lactic acidemia, the pigs received the first dose of sulfanegen sodium (2.5 g IV) followed by a second dose 60 minutes later. All the pigs survived with significant (P Ͼ 0.05 control versus 180 minutes) improvements in serum lactate and arterial pH. The blood cyanide levels at 180 minutes were also significantly lower compared with peak levels (P Ͻ 0.05). 
